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ABSTRACT 

We present a new technique for observationally identifying galaxy mergers spectroscopically rather 
than through host galaxy imaging. Our technique exploits the dynamics of supermassive black holes 
(SMBHs) powering active galactic nuclei (AGNs) in merger-remnant galaxies. Because structure in 
the universe is built up through galaxy mergers and nearly all galaxies host a central SMBH, some 
galaxies should possess two SMBHs near their centers as the result of a recent merger. These SMBHs 
spiral to the center of the resultant merger-remnant galaxy, and one or both of the SMBHs may 
power AGNs. Using the DEEP2 Galaxy Redshift Survey, we have examined 1881 red galaxies, of 
which 91 exhibit [O III] and H/3 emission lines indicative of Seyfert 2 activity. Of these, 32 AGNs 
have [O III] emission-line redshifts significantly different from the redshifts of the host galaxies' stars, 
corresponding to velocity offsets of ^ 50 km s~^ to ~ 300 km s~^. Two of these AGNs exhibit double- 
peaked [O III] emission lines, while the remaining 30 AGNs each exhibit a single set of velocity-offset 
[O III] emission lines. After exploring a variety of physical models for these velocity offsets, we argue 
that the most likely explanation is inspiralling SMBHs in merger-remnant galaxies. Based on this 
interpretation, we find that roughly half of the red galaxies hosting AGNs are also merger remnants, 
which implies that mergers may trigger AGN activity in red galaxies. The AGN velocity offsets we 
find imply a merger fraction of ~ 30% and a merger rate of 3 mergers Gyr"-'^ for red galaxies at 
redshifts 0.34 <z< 0.82. 

Subject headings: galaxies: active - galaxies: interactions - galaxies: nuclei - galaxies: Seyfert 
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1. INTRODUCTION 

In the current A cold dark matter cosmological 
paradigm, galaxies grow hierarchically through mergers 
that combine smaller galaxies to build a more massive 
remnant galaxy. The massive, early-type galaxies ob- 
served in the local universe appear to have largely been 
built up by such processes from z ~ 1 to the present. 
The amount of mass in stars in early-type galaxies has 
been observed to increase as the uni verse evolves to the 
present time (e.g.. lBundv et al.ll2005l ). which imphes that 
other galaxies are transforming into early-type galaxies 
(since they are not forming stars themselves), and this 
build up is believed to be connected to galaxy mergers 
(e.g.. iHopkins et al]l2007t ). Galaxy mergers are thought 
to be instrumental no t only in the evolution of late-type 
to early- type galaxies (jToomre fc Toomr3ll972[ ). but also 
in initiating star formation, triggering inflows of gas, and 
initiating galaxy winds that can clear a galaxy of its gas 
([Springel et al. 2005b). 

Central supermassive black holes (SMBHs) of a million 
to a billion solar masses are fo und in nearly all galaxies 
(jKormendv fc Richstond [l995l ). and hierarchical struc- 
ture formation thus implies that some galaxies should 
harbor two SMBHs near their centers as the result of a 
recent merger. If sufficient gas is available for accretion 



onto a SMBH one or both of the SMBHs may power 
active galactic nuclei (AGNs). 

Semianalytic models and numerical simulations show 
that AGN feedback quenches star formation and helps 
transform late-type galaxies into early-type galaxies 
(ISpringei~et al. 2G05a; Croton et al. 2006), which implies 
that we must understand how AGN activity is initiated 
in order to understand galaxy evolution. Galaxy merg- 
ers are in fact thought to play a role in funneling gas 
onto galaxy centers and fueling AGNs, as seen in numer- 
ical simulations (Springel et al. 2005a). Determining the 
fraction of AGNs that are found in galaxy mergers can 
help us calibrate the strength of this link. 

The frequency of galaxy mergers is also central to our 
understanding of galaxy evolution, but the galaxy merger 
rate has proven difficult to measure observationally. The 
merger rate is usually estimated either from the number 
of close dynamical pairs of galaxies (typically defined as 
galaxies with separations less than 10 - 40 kpc and radial 
velocity differences below 500 km s"'^) or the number of 
galaxies with morphological signatures of mergers such as 
tidal features and asymmetries (identified through visual 
inspection of galaxy images or quantitative methods). 
However, simulations of cosmic structure formation sug- 
gest that close pairs may not be good proxies for mergers 
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(jWetzel et al.ll2008D a nd that merger timescales a re typ- 
ically underestimated (jKitzbichler fc Wliitdl2008l ). while 
morphol ogical merger identification often misclassifies 
galaxies (Pe Propris et al.l 120071 : iLotz et al.| [20081. 

In this paper, we present a new method of identifying 
galaxy mergers that is based on inspiralling SMBHs. Un- 
like other techniques for identifying galaxy mergers, our 
method relies on spectroscopy rather than host galaxy 
imaging. Further, our method involves a very different 
set of assumptions than those used in close pair counts 
or galaxy morphologies. The complete physical picture 
of our method is summarized below. 

After a merger between two galaxies hosting central 
SMBHs, dynamical friction will cause the two SMBHs 
to inspiral toward the center of the merger-remnant 
galaxy. The two SMBHs will remain at separations 
> 1 kpc for ^ 100 Myr then form a SMBH binary 
of parsec-scale separat ion ([Milosavlievic fc Merrittj|200ll : 
iBegelman et al.lll980[ ). Then, the SMBH binary must 
coalesce into a single central SMBH in the merger rem- 
nant in order to maintain the close observational cor- 
relation between black hole mass and velocity disper- 
sion, or total mass, of th e host galaxy's stellar bulge 
(|Ferrarese fc Merrittl[2000l ). 

If sufficient gas is available, one or both of the SMBHs 
may power AGNs. AGN structure includes a very com- 
pact broad-line region (BLR; ^ 1 pc in size) in the cen- 
tral part of the AGN and a more extended narrow-line 
region (NLR; ^ 100 pc in size). If both SMBHs power 
AGNs, they could be visible as two independent AGN 
nuclei during the ~ 100 Myr phase of the merger when 
their NLRs are not overlapping. In this case the merger- 
remnant galaxy spectrum would exhibit two sets of AGN 
emission lines, including the strong [O III] emission lines 
that are a signature of AGN activity. Both sets of emis- 
sion lines would be separated both spatially and in veloc- 
ity from each other and the host galaxy's stellar contin- 
uum light. An example of this type of galaxy is EGSD2 
J142033.6-h525917, an early-type galaxy at z = 0.71 with 
two sets of Seyfert 2 [O III] li nes separated by 630 km s~^ 
and 0.84 h^'^ kpc (jGerke et a l. 2007). We call such galax- 
ies with two spatially resolved sets of [O III] emission 
lines "dual AGNs" . 

If only one of the inspiralling SMBHs powers an AGN, 
then the merger-remnant galaxy spectrum would display 
one set of AGN emission lines that is separated both 
spatially and in velocity from the host galaxy's stellar 
continuum light. An example of this type of galaxy 
is NGC 3341, a disturbed disk galaxy at z = 0.0271 
with a triple nucleus, where one nucleus is a confirmed 
Seyfert 2 with a blueshifted velocity of 190 km s~^ and 
a spatial offset of 5.1 kpc relative to the primary galaxy 
(p3arth ct al. 2008iV We call such galaxies with one set 
of velocity-offset [O III] emission lines "offset AGNs" . 

Because they are the result of inspiralling SMBHs dur- 
ing a galaxy merger, offset and dual AGNs arc a powerful 
observational tool for identifying galaxy mergers. Offset 
and dual AGNs are expected to exhibit velocity shifts of 
up to a few hundred km s^^, and the spatial separations 
are expected to be ~ 1 kpc. 

While there have been a few serendipitous discover- 
ies of offset and dual AGNs, in this paper we conduct 
the first systematic survey of offset and dual AGNs. We 
identify 32 such Seyfert 2 galaxies - 30 offset AGNs and 



two dual AGNs - in the DEEP2 Galaxy Redshift Survey, 
and use them to determine both the fraction of AGNs 
hosted by red galaxy mergers and the red galaxy merger 
rate. We assume a Hubble constant Hq = 100 h km s~^ 
Mpc^^, il„i = 0.3, and Ha = 0.7 throughout. 

2. OBSERVATIONS AND ANALYSIS 

The recently completed DEEP 2 Galaxy Redshift Sur- 
vey gives the most detailed view of the z ^ 1 universe 
currently available. The survey covers ^ 3 deg^ of sky, 
split over four separate fields, down to a limiting magni- 
tude of Rab = 24.1. Using the DEIMOS spectrograph 
on the Keck II telescope, DEEP2 obtained spectra for ^ 
50,000 galaxies out to z = 1.4. We consider a sample of 
33,211 galaxies that hav e accurate redshift measurements 
(quality Q = 3 or 4; see lDavis et al.ll2007[ ). 

2.1. Sample Selection 

We first define a subset of galaxies hosting AGNs from 
the initial sample of 33,211 DEEP2 galaxies. AGN ac- 
tivity can be identified by a host galaxy's location on the 
Baldwin-Phillips- Terlevich (BPT) diagram of line ratios, 
which is commonly used to identify the source of line 
emission in a galaxy ([Baldwin et al.llT98lt iKewlev et al.l 
I2OO6). High [O III] A5007/H/3 line flux ratios can in- 
dicate either AGN activity or star formation, and the 
BPT diagram uses [N II] A6583/Hq; line flux ratios to 
distinguish between the two. High [O III] A5007/H/? 
and high [N II] A6583/Hq; signifles AGN activity, while 
high [O III] A5007/H/3 and low [N II] A6583/Ha signifles 
star formation. Because the limited wavelength cover- 
age of DEEP2 (6500 - 9500 A) prevents [N II] A6583 
and Ha from being covered in the same spectrum as 
[O III] A5007 and H/?, we instead use galaxy color to dis- 
tinguish high [O III] A5007/H/3 AGN activity from high 
[O III] A5007/H/3 star formation. To accomplish this, 
we limit ourselves to galaxies on the red sequence, which 
necessarily also excludes AGNs that reside in blue galax- 
ies. 

To measure the flux of emission lines, we flrst flt 
a continuum spectrum to each galaxy spectrum. We 
mask out all emission lines present in each galaxy's 
spectrum and fit an early-type galaxy template spec- 
trum from the ste l lar-po pulation synthesis models of 
iBruzual fc CharlotI (|2003[ ). The template spcctr um IS a 
combination of a 0.3 Gyr, solar metallicity, young stel- 
lar population and a 7 Gyr, solar met allicity, old stellar 
population, based on lYan et al.l ()2006D . 

For each galaxy spectrum, we subtract off the con- 
tinuum and then calculate the flux of the H/3 and 
[O III] A5007 emission lines by summing the one- 
dimensional spectrum over a 30 A window 18 A in 
the rest frame) around each peak. We note that our 
continuum subtraction accounts for any H/3 absorption, 
enabling an accurate measurement of the H/3 emission- 
line flux. We compute rest-frame U — B colors and AIb 
absolute magnitudes using a K-correction code developed 
for DEEP2 galaxies (jWillmer et al.ll2006l ). 

We make a series of cuts to the full set of DEEP2 
galaxies to identify those hosting AGNs. First, DEEP2 
spectra typically cover the range 6500 - 9500 A, so our 
sample size is limited by the requirement that both H/? 
and [O III] lines are within that window. This restricts 
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Fig. 1.— [O III] A5007/H/3 line flux ratios and rest-frame U-B 
colors for our sample of DEEP2 galaxies. Points show the galax- 
ies with accurate red shift measurements (quality Q = 3 or 4; 
see I Davis et all 120071') and measurable [O III] A5007/H/3 ratios; 
open circles show the red galaxies hosting AGNs, selected by 
[O III] A5007/H/3 >3andC7-_B> -0.032{Affl -5 log /i 4-21.62) -f 
1.285 — 0.25 (note that because of the dependence on absolute mag- 
nitude Mg , this does not correspond to a simple cut in this figure) ; 
and filled triangles show the 32 offset and dual AGNs, which are 
the red galaxies that host AGNs with > Scr velocity offsets relative 
to the host galaxy stars. 



US to a redshift range 0.34 < z < 0.82, which is outside 
of the bulk of the DEEP2 sample. Second, to ensure 
that line emission is the result of AGN activity and not 
star formation, we require that our sample has rest-frame 
U-B colors U-B > -0.032(AfB - 51og/i -f 21.62) -f 
1.285 — 0.25, consistent wit h a red-sequence galaxy spec- 
trum (jWillmer et al.ll2006( l. These first two cuts yield 
a parent sample of 1881 red galaxies with an absolute 
magnitude range of —22.7 < Mb — 5 log ft, < —16.8. 

Next we identify which of these red galaxies host 
AGNs. First, we require that [O III] A5007 line emis- 
sion be detected with at least 3a significance, providing 
an indication of possible AGN activity. Second, to ensure 
that we can robustly measure the [O III] A5007 emission 
line redshift, we require [O III] A5007 equivalent width 
> 2 A. Finally, we require that candidates have line 
flux ratios [O III] A5007/H^ > 3 t o distinguish Seyferts 
from other line-emitting galaxies ("Baldwin e t al.l Il981l : 
iKauffmann et al. 2003; Yan et al. 2006). Of the parent 
sample of 1881 red galaxies, 91 of them host AGNs as de- 
termined by these criteria. We do not limit our sample 
by Seyfert type. 

Figure [T] illustrates the differences between the pop- 
ulation of red galaxies hosting AGNs and the general 
population of galaxies. Galaxies populate this dia- 
gram of [O III] A5007/H/3 versus U-B similar to the 
way they populate the traditional BPT diagram of 



[N II] A6583/Ha versus [O III] A5007/H/3, disassociating 
into a star-forming sequence and an AGN plume. The 
separation between these populations is less distinct here 
than in the BPT diagram, but the figure illustrates that 
we have selected a well-defined sample of galaxies that 
are well separated from the main star-forming sequence. 

2.2. Measurement of AGN Velocity Ojfsets 

The line width of AGN [O III] emission usually cor- 
relates with the velocity dispersion of the stellar bulge 
of the host galaxy, implying that the [O III] emission 
component is generally at rest with respect to the 
stellar bulge and, by extension, the central SIVIBH 
() Greene fc Hd [200a). In that case, the [O III] emission 
lines should be at the same redshift as the stellar com- 
ponent of the host galaxy. If two galaxies with central 
SMBHs have recently undergone a merger, however, the 
merger remnant should host two SMBHs moving rela- 
tive to one another. If one or both of the SMBHs are 
active, we expect the AGN [O III] emission lines to be 
at a different redshift than the remnant's stars, whose 
mean velocity will be in the rest frame of the remnant. 

To identify such cases, we first measure the galaxy red- 
shift based on the wavelengths of the diversity of absorp- 
tion features in the stellar spectrum. We accomplish this 
by fitting template spectra to the observed spectra, as 
described in Section [2TT1 We then determine the redshift 
that yields minimum for the fit of the galaxy tem- 
plate spectrum to the actual spectrum. In performing 
this fit, we include the variance in the one-dimensional 
spectrum at each wavelength position. We compute the 
variance by propagating errors from the Poisson uncer- 
tainty in photon counts on each pixel of the detector, 
including the effects of night-sky background and cos- 
mic rays. Our sky subtraction does not introduce signif- 
icant systematic errors beyond this simple Poisson noise 
(Faber et al., in preparation). We determine the uncer- 
tainty in the absorption redshift as the width of the 
minimum at which A^^ = 1. 

Then, we measure the emission redshift using a ro- 
bust two-step centroiding algorithm. First, we take a 
30 A window (~ 18 A in the rest frame) around each 
galaxy's [O III] A5007 emission line and fit a Gaussian 
to the line. We use the width of this Gaussian to define 
a narrow window centered on the peak of the emission 
line, within which we compute the line centroid. This 
procedure gives a centroid measurement whose value is 
robust to noise in the outer wings of the line. Using 
Monte Carlo realizations drawn from the variance in the 
spectra, we find that our centroid values are accurate to 
better than 0.1 A for typical signal-to-noise ratios. 

We then verify each galaxy's absorption and emission- 
line redshift by eye, and in the process reject the 5% 
of objects in which the fit appears to be dominated by 
noise and the signal-to-noise ratio is too low to accurately 
determine an absorption redshift. 

A discrepancy between absorption and emission red- 
shifts could indicate that the [O III] emission component 
(the AGN) is moving with respect to the absorption com- 
ponent (the host galaxy's stars). We convert the redshift 
difference to a radial velocity separation in the host's rest 
frame, and we derive the error on this velocity separation 
from the errors on the two redshifts. With these velocity 
separations, we identify offset and dual AGNs. 
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TABLE 1 

Host Galaxy Properties of the 32 Offset and Dual AGNs 
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For this object, the measurement of H/3 flux is consistent with zero, so we use the 2a upper hmit 
on H/3 to derive a lower limit for [O III] A5007/H/3. 



2.3. 32 Offset and Dual AGNs 

To avoid contamination from objects with nonzero ve- 
locity differences due to measurement errors, we restrict 
our offset AGN sample to only those with velocities dif- 
ferent from zero by more than 3cr, which excludes all 
cases with differences < 50 km s^^. We are sensitive to 
relatively small velocity differences due to the high spec- 
tral resolution {R ~ 5000) and excellent sky subtraction 
of DEEP2 data. Absorption-line redshift uncertainties 
estimated from the width of the minimum (described 
in Section [221) are small: 6-34 km s~^ for our sample, 
with a median of 17 km s~^. Uncertainties in the [O III] 
emission-line redshifts (described in Sect ion [^?^ are even 
smaller, < 1 km a~^. These errors are statistical only; 
they do not include systematic errors that arise from, for 
example, a galaxy not being perfectly centered in its slit. 
However, to first order position errors will have an iden- 
tical effect on the observed velocity of a galaxy and any 
AGN it harbors. 

As a check on our error estimates, we have compared 
the differences between the AGN emission redshift and 
the host galaxy absorption redshift for the three AGN 
host galaxies observed twice by DEEP2; the different ob- 
servations yield velocity offsets differing by 4.2 km s~^, 
9.4 km s~^, and 15.2 km s~^. Hence, we can find no 
evidence that our redshift uncertainties have been signif- 
icantly underestimated. 



After we reject the 59 galaxies with measured velocity 
differences below 3(t significance, the final sample con- 
sists of 30 offset AGNs and two dual AGNs, for a total 
of 32 objects. This number is a lower bound on the true 
number of offset and dual AGNs in the sample, because 
we exclude low-significance velocity offsets and are also 
not sensitive to velocity components perpendicular to the 
line of sight. We do not select by Seyfert type, but all 32 
offset and dual AGNs are in Seyfert 2 galaxies. 

Figure [T] shows that the offset and dual AGNs do not 
have systematically different [O III] A5007/H/3 ratios or 
colors from the general population of AGNs, but rather 
are uniformly distributed. Apart from their velocity off- 
sets, the offset and dual AGNs appear to be typical 
Seyferts. Table [1] gives the rest-frame U — B colors, ab- 
solute magnitudes, [O III] A5007/H/9 ratios, absorption 
and emission redshifts, and velocity offsets for each of 
the 32 offset and dual AGNs. 

Figure [2] shows a histogram of the difference between 
the velocity of the emission component (the AGN) and 
the absorption component (the host galaxy's stars) for 
the 32 offset and dual AGNs. Because the histogram 
is symmetric about zero velocity difference, we see no 
evidence for bias in the radial direction of the velocity of 
the emission-line region. The dotted histogram shows the 
59 AGNs that exhibit less than 3(t velocity differences, 
preventing their classification as offset AGNs. 
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Fig. 2. — Differences between the velocity of AGN emission lines 
{vgjn) and the velocity of the host galaxy's stars {v^i,^) for the 
full sample of 91 AGNs. The open histogram depicts the velocity 
differences of the 30 offset AGNs, the hatched histogram depicts 
the velocity differences for each component of the two dual AGNs, 
and the dotted histogram depicts the 59 objects with less than 3cr 
velocity difference that were removed from our sample to eliminate 
contamination due to measurement errors from objects with no 
statistically significant velocity difference. The velocity-difference 
distribution of the remaining AGNs is symmetric, indicating that 
an offset AGN emission line is equally likely to be redshifted or 
blueshifted relative to the rest frame of the stellar continuum. 



Figure [3] depicts example offset and dual AGNs plotted 
in the rest frame of the stellar continuum, where the 
dashed lines show the expected locations of the [O III] AA 
4959, 5007 emission lines in that rest frame. The bottom 
six spectra (shown in red) are example spectra for six 
offset AGNs, where for clarity we set off each spectrum 
vertically from the others. The plot shows AGNs that 
are both blueshifted and redshifted with respect to their 
host galaxies, ranging from a blucshift of -143 km s~^ to 
a redshift of 170 km s^^. 

The top two spectra (shown in black) in Figure [3] de- 
pict the two dual AGNs in our sample. The multislit 
spectroscopy used in the DEEP2 survey also enables 
us to make two-dimensional spectra of spatial position 
and wavelength for each galaxy. The slits are 1" wide 
and vary in length from typically ^ 5" to ~ 10". Fig- 
ure |4] shows the two-dimensional DEEP2 spectrum cen- 
tered around each object's [O III] A5007 emission. Each 
dual AGN has double-peaked emission at [O III] A5007, 
and we determine the spatial ccntroid of each emission 
component by applying the technique described in Sec- 
tion [2T2] for measuring the emission redshift, only we ap- 
ply this technique along the spatial direction of the two- 
dimensional spectrum rather than the wavelength direc- 
tion. 

The dual AGN EGSD2 J142033.6+525917 at redshift 
z = 0.71 is shown at the top of Figure [4l Its spectrum 




4940 4960 4980 5000 5020 
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Fig. 3. — Segments of the one-dimensional DEIMOS spectra 
of the host galaxies of the two dual AGNs (shown as the top 
two, in black) and six typical offset AGNs (shown as the bottom 
six, in red). For clarity, the spectra are offset from one another 
vertically and normalized to span 300 counts hr"^^. Each spectrum 
is shifted to the rest frame of the host galaxy's stars, weighted 
by its inverse variance, and smoothed by a smoothing length of 
1.5 A. The dashed lines show the expected wavelengths of [O III] 
at 4959 A and 5007 A. Prom top to bottom, the spectra shown 
are of EGSD2 J142033. 6-1-525917, EGSD2 J141550.8-f 520929, 
DEEP2 J022907. 1-1-004353, EGSD2 J142043. 0-1-525716, EGSD2 
J142153.6+531352, EGSD2 J141515. 6-1-520354, DEEP2 
J233250.1+001929, and EGSD2 J142017.9-f 525538. From 
top to bottom, the velocity separations between the two [O III] 
emission line peaks in the dual AGNs are 630 km and 440 km 
s~^, while the velocity offsets for the [O III] emission lines in the 
offset AGNs are -140 km s^\ -120 km s"!, -94 km s'^, 90 km 
s~^, 110 km s"-'^, and 170 km s~^. 

features double-peaked [O III] emiss ion lines separate d 
by 630 km s~^ in the host rest frame (jGerke et al.ll2007[) . 
From the two-dimensional DEIIVIOS spectrum of the ob- 
ject, the projected physical separation between the pair 
of emission peaks is 1.5 DEIIVIOS pixels, or 0".17, which 
corresponds to a projected physical separation of 0.84 
kpc. 

The dual AGN EGSD2 J141550.8-f 520929 at z = 0.62 
is shown at the bottom of Figure [H Its two-dimensional 
DEEP2 spectrum shows two overlapping [O III] emission 
lines. The velocity separation between the two emission 
components is 440 km s~^ and the spatial offset of their 
centroids is 3.1 DEIJVIOS pixels, or 0".34, which corre- 
sponds to a projected physical separation of 1.6 kpc. 

2.4. Extrapolated Number of Low- Velocity- Offset 
AGNs 

By excluding objects with less than Scr significance, 
we will discard many AGNs with small, but real, veloc- 
ity offsets. We can measure only the radial component 
of a velocity, which is a factor of sini less than the to- 
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Fig. 4. — [O III] A5007 emission in the two-dimensional DEIMOS spectra of the two dual AGNs, with night-sky emission features 
subtracted. The top panel depicts EGSD2 J142033. 6-1-525917 at 2 = 0.71, and the bottom panel depicts EGSD2 J141550. 8-1-520929 at 
2 = 0.62. In both panels, the vertical axis spans 32 DEIMOS pixels (3". 5) in spatial position along the slit and the horizontal axis spans 30 
A in rest-frame wavelength centered on [O III] A5007. The horizontal, white dashed lines show the spatial centroids of each emission-line 
component. The two emission-line components in the top panel are separated by 1.5 DEIMOS pixels, which is equivalent to 0".17 or 0.84 
kpc, and the two emission-line components in the bottom panel are separated by 3.1 DEIMOS pixels, which is equivalent to 0".34 or 
1.6 kpc. The slanted, nearly-vertical features are imperfectly subtracted night-sky lines, and the color bar provides a scale for flux in 
counts/hour / pixel. 
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tal velocity at an angle of inclination i relative to the 
perpendicular to the line of sight. Because of these pro- 
jection effects, we expect an even greater abundance of 
small measured velocity offsets than large measured off- 
sets. If we fit a Gaussian centered at zero to the offset 
AGN velocity distribution shown in Figure [21 we find 
that 23 objects with absolute velocity offsets < 50 km 
s~^ should be added to the sample to create a Gaussian 
distribution of velocity offsets. 

More conservatively, we can assume that the velocity- 
offset distribution is flat in the central region around 
zero. If we assume the number of offset AGNs with ab- 
solute velocity offsets < 50 km s~^ is determined by the 
mean number of offset AGNs with absolute offsets rang- 
ing from 50 - 75 km s~^, this would instead increase the 
sample size by eight objects with < 50 km s~^ absolute 
velocity offsets. 

We add 23, or more conservatively eight, low- velocity- 
offset AGNs to the 32 definitively detected offset and 
dual AGNs. As a result, we expect 40 - 55 offset and 
dual AGNs in our full sample of 91 AGNs. 

3. INTERPRETATION OF OFFSETS 

We have measured statistically significant velocity off- 
sets of [O III] emission lines in 32 offset and dual AGNs 
in DEEP2 red galaxies. Here, we explore the physical 
mechanisms that could cause the [O III] velocity offsets 
we observe: small-scale gas kinematics, AGN outflows 
and jets, recoiling SlVlBHs due to gravitational radia- 
tion emission after SIVIBH coalescence, and inspiralling 
SMBHs in a galaxy merger. We find that the most plau- 
sible explanation for our offset and dual AGNs is inspi- 
ralling SlVIBHs in a galaxy merger remnant. 

3.1. Small-scale Gas Kinematics 

Gas rotation and bulk flows on small scales can pro- 
duce velocity shifts in [O III] emission lines. Here we 
review observations of [O III] velocity shifts that can 



be explained by small-scale gas kinematics and examine 
whether such effects could explain the velocity offsets in 
our sample. 

In an analysis of 13 Seyfert galaxi es and quasi-stellar 
object s (QSOs) at 0.003 < z < 0.04. IVrtilek fc CarletonI 
(1985") measured [O III] emission-line velocity offsets 
ranging from - 180 km s""'^. Five of the 13 galax- 
ies have [O III] velocity offsets greater than 3a in sig- 
nificance, which is our definition of an offset AGN (Sec- 
tion l2.3p . Of the five Seyferts with statistically significant 
[O III] velocity offsets, three exhibit redshifted [O III] 
and two exhibit blueshifted [O III] . These observations 
were taken with an echelle spectrograph. If the slits were 
slightly miscentered on the galaxy centers, then rotation 
of gas in disks of order 100 pc in size or small-scale bulk 
flows of gas near the galaxy centers could produce the 
[O ni] velocity offsets measured by IVrtilek fc CarletonI 
il985D. 

In addition, observations of 54 Seyferts at 0.002 < z < 
0.04 reveale d [O III] emission-line v elocity offsets of 1 - 
230kms-i (jNelson fc Whittlelll995[ ). 25/54 of the veloc- 
ity offsets have greater than 3a significance, and of these 
six exhibit redshifted [O III] and 19 exhibit blueshifted 
[O III] . These velocity offsets could be explained by slit 
miscentering and small-scale gas kinematics, as described 
above. However, because there are a factor of 3 more 
blueshifts than redshifts, AGN outflows may be the like- 
lier explanation (Section 13. 2p . 

For completeness, we also note that although some 
analyses of double-peaked broad lines in quasar spec- 
tra conclude they are ca used by binary black holes 
(e.g., G askell 198^ Il988l [T996), most such Hnes are 
now understood to be caused by accretion discs (e.g., 
lEracleous et al.lll997l : lEracleous~fc Halpcrn 2003). How- 
ever, these are a very different class of objects than our 
sample of double-peaked AGNs. The quasar sample ex- 
hibits emission from the BLR on ~1 pc scales that pro- 
duces double-peaked broad lines with line widths com- 
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parable to their velocity separations, whereas our dual 
AGNs exhibit emission from the NLR on ^ 100 pc 
scales that produce double-peaked narrow lines with line 
widths smaller than their velocity separations. Because 
we probe different sets of lines that arise from much 
larger scales, the interpretations of the double-peaked 
broad lines do not necessarily transfer to our sample of 
dual AGNs. 

Though they a r e a possi ble explanation f o r the 
IVrtilek fc CarletonI ([1985^ and 'Nelso n fc Whit tle (1995^ 
velocity offsets and the double-peaked broad line quasar 
spectra, small-scale gas rotation or small-scale bulk flows 
of gas alone cannot explain our observations of [O III] 
velocity offsets. Our observations are at the much higher 
redshift range 0.34 < z < 0.82, where our 1" slit width 
subtends several kpc across each galaxy. As a result, our 
observations are based on a full spatial average of the 
NLR kinematics, which means that small-scale gas kine- 
matics alone cannot cause the [O III] velocity offsets we 
measure. 

If the small-scale gas kinematics were accompanied by 
local dust, one can imagine scenarios where only the 
blueshifted (redshifted) gas is obscured, leaving the red- 
shifted (blueshifted) gas to manifest as velocity-offset 
emission lines. However, for this scenario to occur the 
local dust would need to be pathologically patchy rather 
than in the usual form of a ring or torus. Dust on larger 
scales, such as in a disk or lane on kpc or 10 kpc scales, 
would blot out the entire central region and result in no 
velocity-offset detection. 

While small-scale gas kinematics can lead to obser- 
vations of [O III] velocity offsets at low redshifts, they 
cannot alone produce the velocity offsets we measure at 
higher redshifts. A combination of small-scale gas kine- 
matics and patchy dust could explain our velocity offsets, 
though the dust must be in an unusual configuration. 

3.2. AGN Outflows and Jets 

Velocity shifts of [O III] emission lines can also be 
explained by a strong, decelerating wind in the inner 
NLR of the AGN (Komossa et al. 2008a). For a galac- 
tic wind, unlike a stellar wind, the mass enclosed in- 
creases as the galactic wind flows outward, and causes 
the galactic wind to decelerate with distance from the 
galactic center. Studies of outflows suggest that the NLR 
around the AGN is stratified such that high-ionization 
lines, such as [OIII], are preferentially generated near 
the AGN and low-ionization lines, such as B./3 and [O II], 
are preferentially generated further from th e AGN (e.g., 
IZamanov erani2002l : iKomossa et al.ll2008a|) . These out- 
flow studies find that a centrally driven outflow that de- 
celerates with distance from the AGN would impart the 
highest velocities to the nearby high-ionization lines, and 
low-ionization lines further from the AGN would exhibit 
lower velocity offsets or remain stationary with respect 
to the galaxy's stellar component. 

If the AGN has a bulk motion within the host galaxy, 
however, then all AGN emission lines, regardless of ion- 
ization potential, would exhibit the same velocity shifts 
relative to the host galaxy's stars. While only nine galax- 
ies in our sample have [O II] lines within our wavelength 
window of observation and 31 have sufficiently high H/3 
signal-to- noise ratios to accurately determine a redshift, 
in galaxies where the measurements are possible we find 



that [O II], H/3, and [O III] lines have consistent velocity 
offsets to within la. These AGNs all exhibit bulk mo- 
tions not consistent with the stratified velocity structure 
of outflows. 

We also compare to other samples of AGNs exhibiting 
velocity offsets due to outflows to understand the physi- 
cal mechanism behi nd our offsets. For a s ample of ~ 200 
quasars at z < 0.8. IZamanov et all (|2002f ) measured the 
[O III] A5007 redshift relative to the H/J redshift, taken 
to be the systemic redshift of the galaxy. In such lumi- 
nous objects, stellar absorption features are overwhelmed 
by light from the quasar. As a result, the host galaxy red- 
shift cannot be derived from the stellar absorption lines 
as we do with the DEEP2 sample. Of the objects with 
inconsistent [O III] A5007 and H/3 redshifts, more had 
blueshifted [O III] A5007 than redshifted [O III] A5007, 
relative to H/3. This includes a factor of 3 more blueshifts 
of radial velocity Vr in the range -200 km s~^ < Avr < - 
100 km s-^ than redshifts of 100 km s^^ < Avr < 200 km 
s~^. AGN outflows are expected to exhibit blueshifts, as 
material traveling away from the observer will be on the 
far side of the AGN and obscured by its dust torus. The 
outliers with blueshifted [O III] A5007 also extended out 
to Avr ~ -1000 km s^^, while no redshifted [O III] A5007 
was observed beyond Avr « 280 km s~^. Because the 
distribution of veloc ity offsets is skewed toward the blue, 
IZamanov et al.l ()200 2) concluded that outflows in the in- 
ner NLR of the AGN i nfluence the peak velocit y of the 
[O III] A5007 line. The lNelson & Whittle! (Il995h sample 
also has a velocity distribution skewed toward the blue, 
suggesting that outflows may be the root of those velocity 
offsets. 

In our sample, however, there are equal numbers 
of blueshifted and redshifted outliers (15 of each) and 
both blueshifted and redshifted outlier distributions ex- 
tend to similar velocity offsets {Avr~-203 km s~^ and 
Avr=274 km s~^, respectively). Because the distribution 
of [O III] A5007 vel ocity offsets in our samp le is quite dif- 
ferent from that of IZamanov et all (|2002f ). the physical 
explanations for the offsets in the two samples are likely 
different. 

Furthermore, outflows are generally found to cause a 
strong correlation of i ncreasing [O III] line width with 
[O III] blueshift (e.g., IKomossa et"aI]l2008a^ . By con- 
trast, our sample has a correlation coefficient of 0.009, 
indicating a very weak correlation between [O III] line 
width and [O III] velocity shift. 

To explore how small-scale outflows would affect ob- 
servations of our high-redshift Seyfert galaxies, we ex- 
amine nearby Seyfert galaxies with outflows on scales of 
100 pc. Using th e Hubble Sp ace Telescope Imaging Spec- 
trograph fSTIS) ■ iDas et al.l (>2006l obtained spatially re- 
solved spectroscopy of outflowing gas in the NLR of 
the Seyfert 2 galaxy NGC 1068. The outflowing clouds 
produce a complicated velocity structure in the [O III] 
emission lines, with multiple emission components hav- 
ing velocity offsets (both blueshifts and redshifts) up to 
several hundred km s~^. This velocity structure is con- 
fined to the inner ~ 100 pc of the emitting region; outside 
of this, the outfiow velocity drops and reaches zero at 
^ 300 pc. (Similar kinematics and spa tial structure ar e 
seen in the Seyfert 1 galaxy NGC 4151:' Das et"all l2005'.) 
By comparison, a DEEP2 slit of 1" width subtends ap- 
proximately 7 kpc at z ^ 0.7 (where most of our sample 
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lies) and a DEIMOS pixel subtends approximately 1 kpc, 
so similar kinematics on subkiloparsec scales would not 
be resolved in our observations. To get a rough approxi- 
mation of what the spectrum of a system like NGC 1068 
would look like in DEEP2, we can coadd the neighboring 
STIS spectra of NGC 1068 from iDas et "all f2006 ): this 
yields a broadened [O III] emission line with a blue wing 
but no large overall offset in the velocity of its peak. 

Another example of small-scale outflows is the 
iRuiz et all (|2005f ) sample, which consists of STIS obser- 
vations of 10 Seyfert galaxies at 0.003 < z < 0.03. Six 
of the 10 objects have observable [O III] velocity offsets, 
ranging from 70 - 200 km s~^. The disturbed kinematics 
of these galaxies result in [O III] FWHMs that are gen- 
erally larger than the [O III] velocity offsets, and such 
increases in [O III] FWHM may also be the result of ra- 
dio jets driving the outflows (jNelson fc Whittle! [l996l ). 

Our sample of offset and dual AGNs does not exhibit 
this trend of larger [O III] FWHMs than velocity offsets, 
and our approximation of NGC 1068 at a higher redshift 
suggests that we would not detect a velocity offset in 
such an object. As a result, the nearby systems we ex- 
amine show no evidence that typical small-scale Seyfert 
outflows would lead to the kind of emission-line offsets 
we observe in our sample. 

To understand the effect of large-scale outflows on 
observations of our sample of Seyferts, we consider 
nearby Seyfert galaxies with outflows on scales of 10 
kpc. These systems exhibit disturbed kinematics, with 
[O III] velocity dispersions that are larger than the [O III] 
veloc ity offsets (e.g., i\^lleux et_al. 2001; Gcrssc n et al.l 
I2009f) . but this effect is not seen in our offset and dual 
AGNs. Also, in the local systems the outflowing regions 
tend to be much fainter than the stationary central NLR. 
In a composite spectrum of such an object at the redshift 
of our sample, the [O III] flux would be dominated by the 
brighter, stationary central component and we might not 
detect a velocity offset. 

Another scenario is that dust in the galaxy, in concert 
with an outflow, could result in a detection of an [O III] 
velocity offset. As described above, a local dust torus 
would result in an excess of [O III] blucshifts rather than 
our sample's symmetric distribution of [O III] redshifts 
and blueshifts. Dust on larger scales that obscures only 
a portion of the outflow could result in the observation of 
an [O III] velocity offset, but such configurations of dust 
have not been seen locally. Further, our sample con- 
sists of red galaxies that should not have much dust, and 
AGNs that are luminous enough to drive large-scale out- 
flows would also likely expel dust. Even if a conspiracy 
between dust and large-scale outflows led to observations 
of [O III] velocity offsets, the [O III] velocity dispersions 
would still be larger than the velocity offsets, which is 
not the case in our sample. 

Our above comparisons to local galaxies with small- 
scale or large-scale outflows suggest that the [O III] 
velocity offsets in our sample are not consistent with the 
outflow explanation. However, a combination of partial 
dust obscuration and outflow activity, however unlikely, 
could explain the velocity offsets we observe. 

3.3. Recoiling SMBHs 

Another possible interpretation of our offset AGNs is 
that some may be recoiling SMBHs. After a galaxy 



merger two SMBHs can coalesce due to gravitational 
wave emission, which can carry away linear momentum 
and impart a velocity kick of typically tens to hundreds 
of km s"""^ to the resultant merg ed SMBH (jPeresI 119621 : 
'Bekenstein"1973). The BLR could remain bound to the 
recoiling S MBH, but the NLR would remain with the 
host galaxv (jMerritt et al.ll2006HBo"nning et al.ll2007[ ). A 
recoiling SMBH could carry with it an accretion disk of 
nuclear stars and gas from the BLR , which could power 
AGN activ i ty for ^ 100 Myr (e .g., iMerritt et all 120041 : 
iLoebl 120071 : iBonning et all 120071 ). As a result, recoiling 
SMBHs could be visible as AGNs with BLR velocity off- 
sets relative to the NLR and the host galaxy. A search of 
the Sloan Digital Sky Survey for QSOs with such offset s 
found no convincing candidates (IBonning et al.|[2007f) . 
and the subsequent discove ry of a Sloan QSO with a 
2650 km s^^ offset (Komos sa et al.ll2Q08bD may in fact 
be a SMBH binary (,Bogdanovic et al.ll2009l: iDotti et al " 



2008f) or a superposition of two AGNs ([Shields et~ 



2009( 1 rather than a recoihng SMBH. Our offset AGNs 



are Seyfert 2 galaxies with velocity offsets of the NLR 
emission lines, which does not fit the recoiling SMBH 
paradigm of a shifted BLR and stationary NLR. 

3.4. Offset and Dual AGNs Are Most Likely 
the Result of Galaxy Mergers 

We find no significant evidence that the velocity offsets 
in our sample are the result of small-scale gas kinemat- 
ics, AGN outflows or jets, or recoihng SMBHs, but a 
combination of gas kinematics or outflows with an un- 
expected distribution of dust could produce the [O III] 
velocity offsets we measure. Although some fraction of 
the [O III] velocity offsets in our sample might be caused 
by gas kinematics or outflows, these effects are unlikely to 
explain all of our objects unless the population of AGNs 
at z ~ 0.7 is qualitatively different from the well-studied 
local population. 

Rather, the most plausible explanation for our observa- 
tions of offset [O III] lines is an AGN moving with respect 
to the host galaxy as the result of a merger. Inspiralling 
SMBHs are expected to exist as a consequence of the 
well-established evidence for galaxy mergers and galax- 
ies hosting central SMBHs. NGC 3341, a disturbed disk 
galaxy at 2 = 0.0271 with a Seyfert 2 nucleus at a spa- 
tial offset of 5.1 kpc and a blueshift ed velocity of 190 km 
relative to the primary galaxy (|Barth et al.ll2008l ). is 
a local example of a galaxy merger hosting inspiralling 
SMBHs. Whereas none of the local observations of ve- 
locity offsets we explored in Sections 13.11 and 13.21 would 
translate i nto observable velo city offsets at our redshift 
range, the lBarth et al.l (|2008l ) object would. Because in- 
spiralling SMBHs are an expected consequence of galaxy 
mergers and because our offset and dual AGNs are con- 
sistent with the observational signatures expected of in- 
spiralling SMBHs, we conclude that our observed [O III] 
velocity offsets are most likely the result of inspiralling 
SMBHs in galaxy mergers. 

4. RESULTS AND DISCUSSION 

Based on our interpretation that the observed offset 
and dual AGNs are the result of mergers, we now use 
our sample to estimate the fraction of AGNs hosted by 
red galaxy mergers and the red galaxy merger rate. 
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4.1. Evidence for a Link between AGN Activity 
and Galaxy Mergers 

Combining the extrapolated number of small-velocity- 
offset AGNs (as detailed in Section 12. 4p with our 32 
definitively detected offset and dual AGNs, we expect 
a total of 40 - 55 offset and dual AGNs in our data. 
Our interpretation of these objects as merger remnants, 
therefore, implies that of the 91 red galaxies harboring 
AGNs in DEEP2 at 0.34 <z< 0.82, roughly half of the 
AGNs are moving relative to their host galaxies due to a 
recent merger. This striking result, that approximately 
half of the red galaxies hosting AGNs are also merger 
remnants, suggests a strong link between AGN activity 
and red galaxy mergers. 

A number of mechanisms could explain this. During a 
galaxy merger the hot gas of the intergalactic medium 
is shock heated and cools by radiation, forming cool- 
ing flows that can fuel an AGN. Numerical simulations 
show that mergers between gas-rich, late-type galaxies 
can trigger nuclear gas flows that power two separated 
AGNs that then mer ge to form a single central AGN 
(jSpringel et al.ll2005a|) . and gas-poor, red galaxy merg- 
ers might have enough gas to fuel AGNs in the same 
way. Galaxy mergers can also trigger starbursts, and af- 
ter tens of Myr some stars evolve into asymptotic giant 
branch stars, whose winds might be accreted efficiently 
onto SMBHs to fuel AGNs (iDavies et al.l[200l . 

Morphologies based on the imaging of quasar host 
galaxies also suggest that ~ 30% of quasars reside in host 
galaxies that show e vidence of interact ions and mergers 
(iMarble et al.l 120031: [G uvon et al.l l2006f). More recently, 
lUrrutia et all (|2008l ) found that 85% of dust-reddened 
quasars show evidence of merging in images of their host 
galaxies. Our results are roughly consistent with this 
finding, though the two samples are very different. Our 
Seyfert 2 AGNs are relatively low luminosity in compari- 
son to quasars, and the dynamical state of the SMBHs in 
the quasar host galaxies is unknown. We find that AGN 
activity can be triggered in merging SMBHs even before 
coalescence. 



4.2. Galaxy Merger Rates 

Assuming that all of our offset and dual AGNs are 
merger remnants, and making no other assumptions, we 
set a hard lower limit that at least 2% of DEEP2 red 
galaxies at 0.34 < z < 0.82 have undergone a merger 
in the previous ~ 100 Myr. Including the extrapolated 
number of low-velocity-offset AGNs, as described in Sec- 
tion l2.4l this limit can reach 3%. Our merger fraction can 
include minor and major mergers, but because we cannot 
determine the mass ratios of the progenitor galaxies, we 
cannot be more specific about the mass range probed. 

An estimate of the galaxy merger rate depends on both 
the timescale over which two SMBHs merge and the frac- 
tion of SMBHs that are visible as AGNs. Recall that two 
SMBHs in a merger spend tcombinc 100 Myr at sepa- 
rations > 1 kpc. At separations < 1 kpc, the SMBHs 
quickly sink to the bottom of the galaxy's potential well 
due to dynamical friction and as a close binary can no 
longer be kincmatically distinguished because their sep- 
aration is smaller than the size of the [O III] emitting 
region. Th e fraction of SMBHs that power AGNs is 
fium 10% (|Montero-Dorta et al.l[2009l) . roughly consis- 



tent with our measured fraction of red galaxies hosting 
AGNs (5%) and the fraction of dual AGNs in our sample 
of offset and dual AGNs (6%). 

We include the expected number of offset and dual 
AGNs at low velocity differences to estimate the merger 
rate from our data. Correcting the parent sample of 1881 
red galaxies by the fraction for which we can determine 
good absorption redshifts (95%; the rest are removed be- 
cause the continuum signal-to- noise ratio is too low), we 
convert our estimate of 40 - 55 offset and dual AGNs 
into a galaxy merger fraction of 22 - 31% (10 % / fium), 
or a galaxy merger rate of 2.2 - 3.1 mergers Gyr~^ (100 
Myr / tcombine) (10 % / fium) for DEEP2 red galaxies 
at 0.34 < z < 0.82. Again, this merger rate can include 
both minor and major mergers. 

The merger fraction of all galaxies is generally param- 
eterized to evolve as (1-l-z)", whe re measurements of the 
exponent n range from 0-4 (e.g ., lYee fc Ellingsonlll995l : 
IWoods et ai]ll995HPatton et al.l [l997). If the red galaxy 
merger fraction evolves significantly, we would expect a 
higher merger fraction for our sample than for a local 
sample. However, large uncertainties in the merger frac- 
tion evolution with redshift prevent us from making any 
direct comparisons. 

A rough comparison, however, can be made between 
our merger fraction and other galaxy merge r fractions de- 
rived observationally and semianalytically. Ivan DokkumI 
(|2005l ) found that 35% of early-type galaxies at 0.05 < 
z < 0.2 exhibit morphological signs of a recent merger, 
such as tidal tails and asymmetries in surface brightness. 
In addition, counts of close dynamical pairs of galaxies 
suggest that 24% of present day red galaxies have expe- 
rienced gas-poor mergers with luminosity ratios between 
1:4 and 4:1 since z ^ 1 (|Lin et al.ll2008f i. Finally, semi- 
analytic models of gas-poor major mergers suggest that 
^ 5% of Mb < -20 galaxies at 0. 1 < z < 1.1 hav e had 
a major merger in the past 1 Gyr (jBell et al.ll200Q) . 

Our red galaxy merger fraction of ~ 30% is roughly 
consistent with galaxy merger fractions estimated from 
galaxy morphologies and close pairs of galaxies. This 
agreement is further evidence that the AGN velocity off- 
sets we measure are the result of inspiralling SMBHs in 
galaxy mergers and not AGN outflows or gas kinematics 
(see Section [3]). 

Our merger fraction is much higher than the 5% 
merger fraction derived by semianalytic models, but this 
difference can be explained by differences in the merger 
mass ratios. The merger fraction from semianalytics con- 
siders only major mergers (mass ratios of 1:1 to 4:1), 
while our technique is sensitive to much higher mass ra- 
tios, provided that the less massive progenitor galaxy 
hosts a SMBH that can power an AGN. Significant dif- 
ferences in the methods and assumptions of different ob- 
servational and theoretical approaches - especially the 
timescales involved - prevent a more direct comparison 
between merger fractions. 

5. CONCLUSIONS 

We have searched the DEEP2 Galaxy Redshift Sur- 
vey for AGNs with velocities significantly different from 
the mean of the host galaxy's stars, and have identified 
30 objects with one set of offset AGN-fueled emission 
lines ("offset AGNs") and two objects with two spatially 
resolved sets of AGN emission lines ("dual AGNs"). Al- 
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though a conspiracy between dust and gas kinematics 
or outflows could cause [O III] velocity offsets like those 
observed in our sample, our entire sample is unlikely to 
be the result of such effects unless the population of 
AGNs at our redshift range 0.34 < z < 0.82 is quali- 
tatively different from the well-studied local population. 
Rather, the more plausible interpretation of our sample 
is that they are the results of recent galaxy mergers, dur- 
ing which two SMBHs spiral to the remnant's center at 
velocities different from the mean of the host galaxy's 
stars. If one or both of the SMBHs power AGNs, they 
will appear in our sample. Based on this interpretation, 
our main results are as follows. 

1. We present the first systematic search for inspi- 
ralling SMBHs in galaxy mergers, from which we iden- 
tify 32 such objects: 30 offset AGNs and two dual AGNs. 
Our technique of selecting these objects by the velocity 
offsets of their AGN emission lines relative to the host 
galaxy's stars is a new and powerful way of identifying 
galaxies that are the products of recent mergers. 

2. About half of the red galaxies hosting AGNs are 
also merger remnants, which signals a strong correlation 
between AGN activity and mergers of gas-poor galaxies. 

3. For DEEP2 red galaxies at 0.34 < z < 0.82, the 
merger fraction is ~ 30% (10 % / fium), with a hard 
lower limit of 2%, and the merger rate is ~ 3 mergers 
Gyr-i (100 Myr / tcombine) (10 % / fium). This merger 
rate can include both minor and major mergers. Our 
merger fraction is in agreement with merger fractions 
derived through other observational techniques, lending 



additional support to our interpretation that the AGN 
velocity offsets we measure are the result of inspiralling 
SMBHs in galaxy mergers and not other physical mech- 
anisms. 

While other observational methods of determining the 
galaxy merger rate include no information about the 
state of the SMBHs in the merger, our new method is 
unique in that it selects merger-remnant galaxies with 
inspiralling SMBHs. Merging SMBHs are predicted to 
produce gravity waves, and although our offset and dual 
AGNs do not probe SMBH separations on the small 
scales where gravitational radiation is significant, our 
measurements also constrain the rate of SMBH merg- 
ers of interest to proposed gravit ational wave detectors 
such as LISA ()Bender et al.ill998f) . 
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